We studied muscle fibers by quantitative biochemistry to determine whether metabolic capacity varied among fibers of a g k n type as a function of their anatomic location. Muscles were selected from both contiguous and diverse anatomic regions within the rats studied. The individual fibers, classified into myosin ATPase fiber types by histochemical means, were assessed for fiber diameters and analyzed for the activities of enzymes representing major energy pathways: malate dehydrogenase (MDH, oxidative), lactate dehydrogenase (LDH, glycolytic), and adenylokinase (AK, high-energy phosphate metabolism). We found that neither the average activities of each of the three enzymes nor the fiber diameters varied in Type I or Type IIa fibers selected from superficial to deep portions of the triceps surae of the hindlimb. How-~
Introduction
Skeletal muscle consists of three principal types of fibers, which can be distinguished histochemically by the myosin ATPase reaction. Quantitative biochemical techniques that permit single fiber analyses have revealed a distinctive profile of activities for several energy-generating enzymes within each myosin ATPase fiber type. Type I fibers predominantly utilize oxidative metabolism, Type IIa fibers utilize high levels of both oxidative and glycolytic metabolism, and Type IIb fibers utilize primarily glycolytic metabolism (16, 20) .
Experimental investigations in muscle metabolism usually focus on a specific muscle to avoid possible intermuscular differences. Still, substantial differences in absolute enzyme activities have been noted in fibers of a specific muscle taken from different members of the same species; this is particularly evident in humans (8, 20, 35 ). These differences likely reflect nonconformity in exercise histories or in overall metabolic rates of the individuals (22, 25) . ever, the IIb fibers in the deep region of this muscle group had significantly greater oxidative capacity, less glycolytic capacity, and smaller diameters than the superficially situated IIb fibers. Type IIa fibers in lateral gastrocnemius, extensor digitorum longus, psoas, diaphragm, biceps brachii, superficial masseter, and superior rectus muscles were highly &able in both diameter and enzyme profiles, with a correlation between MDH activity and fiber diameter. Therefore, our results show that both intermuscular and intramuscular metabolic variations exist in muscle fibers of a given type. The extent of consistency in the metabolic properties of a particular fiber type bears on the performance capacity of the muscle. If fiber types were similar among different muscles, the metabolic capacity of the muscle as a whole would depend strictly on the proportion of the three fiber types. In conuast, dissimilar fiber types would suggest that cell specialization plays an additional role in muscle performance. In the latter case, the functional capacity of the entire muscle would be related not only to recruitment order and innervation ratio (7) but also to the specific functional capacity of the constituent fiber types.
A quantitative assessment has not previously been made of the metabolic profiles of fiber types from a variety of muscles within an individual animal. Furthermore, in studies of single muscle fibers, the fibers are usually selected for biochemical analyses without regard for their anatomic location within the muscle belly. Therefore, it is unknown whether the anatomic location of the muscle fibers within the whole animal or within the muscle compartment is related to the metabolic profiles of the individual fiber types.
In this study we used single-cell analytical techniques to determine whether muscle fibers from both contiguous and diverse anatomic locations of the rat vary in their metabolic capacity. Overall, our results demonstrate considerable intramuscular and intermuscular variation in the energy-related enzyme activities within the specific myosin ATPase fiber types of muscle from an individual animal. This suggests that, in addition to the recruitment of spe-cific fiber types, there is cell specialization within fiber types that affects the functional performance of the whole muscle.
Materials and Methods
Two adult female Sprague-Dawley rats (Sasco; St Louis, MO), each weighing approximately 330 g, were anesthetized with sodium pentobarbital (50 mglkg body weight). From one rat, in addition to the diaphragm muscle, muscles of the triceps surae (gastrocnemius, soleus, and plantaris) were removed en masse and immediately frozen in isopentane cooled in liquid nitrogen. From the second rat, the gastrocnemius, extensor digitonun longus, psoas, diaphragm, biceps brachii, superficial masseter, and superior rectus muscles were excised and frozen. All muscles were stored at -8O'C until subsequent analyses.
Frozen muscles were sectioned at alternating thicknesses of 16 and 32 wm in a cryostat maintained at -2O'C. The thinner sections were processed histochemically for myosin ATPase reactivity according to the methods of Brooke and Kaiser (5). After pre-incubation at pH 4.5, muscle fibers were identified as Type I, IIa, and IIb by dark, light, and intermediate staining, respectively. The thicker sections were lyophilized for 24 hr at -38'C and at a pressure of less than loF2 torr for subsequent biochemical analyses (see below).
Diameters of type-identified fibers were measured on projected images of the myosin ATPase stained sections using an image analysis system (R%M Biometrics; Nashville, TN) which was interfaced to a computer. The shortest diameter of the fibers was obtained to avoid errors due to fiber obliquity. From the first rat, fibers were chosen for measurement from various depths of the triceps surae. Fibers were measured at five sites: deep and superficial portions of the soleus muscle and deep, middle, and superficial portions of the lateral gastrocnemius muscle, as illustrated in Figure  1 . Fibers representing all the types available at each of these sites were sampled for analyses. From a second rat, analyses were made on Type IIa fibers selected from seven muscles (listed above) located in diverse regions of the animals. In addition, Type IIb fibers were analyzed from the superficial and deep regions of the lateral gastrocnemius of the second rat and Type IIa fibers from the diaphragm of the first rat.
Fibers were selected for biochemical analyses from the same sites as those and for MDH by Hintz et al. (17) . Enzyme activities were expressed as mollkg dry weightlhr at 21°C. The results obtained for muscle fibers of the triceps surae were subjected to a two-way analysis of variance (ANOVA) (30) to determine the relationship of fiber types (I. IIa, and IIb) and their anatomic location (deep and superficial soleus and deep, middle, and superficial gastronemius) to each enzyme and to fiber diameters. A one-way ANOVA was applied to the data obtained from the seven disparate muscles in which only one fiber type was examined, and least-squares linear regressions were performed between fiber diameters and their corresponding enzyme activities. Values are expressed as mean 5 SD. Numbers in parenthesis indicate number of muscle fibers studied and the range (minimum-maximum) of values obtained. Type I fibers were not significantly different in MDH (p = 0.4306). LDH (p = 0.3831), or AK (p = 0.3196) activities or diameter (p = 0.1234) across the triceps surae.
Table 1. Enzyme activities (mol/Ag dry weight/hr) and fiber diameters (pm) within the tnceps surae of an individual rata
Type IIa fibers were not significantly different in MDH (p = 0.3433). LDH (p = 0.1101). or AK (p = 0.1427) activities or diameter (p = 0.1153) across the triceps surae. Although Type IIb fibers of the middle gasrrocnemius had slightly higher LDH (p = 0.0026) and AK (p = 0.0432) activity than Type IIb fibers of the deep gastroce Type IIb fibers of the superficial gastrocnemius were significantly (p<O.OOOl) different from the IIb fibers in the deep and middle gastrocnemius in fiber diameter nemius, MDH activity and fiber diameter were not significantly (p = 0.4339) between the two populations. and in MDH, LDH, and AK activities.
Results
The distribution of muscle fibers was examined at consecutive depths of the triceps surae muscle compartment. Type I and Type IIa fibers were found throughout the soleus and the deep and middle regions of the gastrocnemius muscles but were absent from the superficial gastrocnemius muscle. Type IIb fibers, in contrast, were found throughout the gastrocnemius muscle but were not present in the soleus muscle. The fiber type distribution of the two muscles is shown in Figure 1 . The average enzyme activities of both Type I and Type IIa fiber populations showed no significant variation from the deepest regions of the soleus to their most superficial location in the overlying gastrocnemius muscle ( Figure 2 ). There was a spectrum of activities within the fiber types (as indicated by the SD bars in Figure 2 ). The statistical analyses are presented in Table 1 . The ranges of enzyme activities for groups of fibers of the same type were 1.4-to 2.4-fold. and these were similar to activity ranges occurring within fiber types of individual muscles (8, 20, 24) .
The enzyme activities of Type IIb fibers, however, were different across the gastrocnemius muscle. Mean activities of the superficial fibers were 17% greater in LDH, 32% greater in AK, and 4.5-fold lower in MDH than the deep IIb fibers ( Figure 2 ; Table  1 ). In fact, the differences were so extensive that there was no overlap between the highest values of MDH in the superficial fibers and the lowest values in the deep fibers (Table 1) .
Enzyme activities were more similar in the IIb fibers of the deep and middle regions of the gastrocnemius, where all fiber types were present. Although LDH and AK activities were slightly higher in the IIb fibers of the middle gastrocnemius than in the deep gastrocnemius, MDH activity was not significantly different between these regions.
The distinctive metabolic profile of deep vs superficial fibers was tested in the lateral gastrocnemius of a second rat. Absolute enzyme activities and their ranges were comparable to those found in the first rat for all fiber types. Superficial Type IIb fibers showed 14% higher LDH, 73% higher AK, and three-fold lower MDH than the deep IIb fibers.
Fiber diameters were assessed to see whether they were related to enzyme activities. Average diameters of Type I and IIa fibers were similar regardless of location in the triceps surae (Figure 3 ; Table  1 ). Like enzyme activities, there were variations in diameters within a particular fiber type at each location: on average, the variations were 1.8-fold for Type I fibers and two-fold for Type IIa fibers. The diameters of the IIb fibers in superficial regions, however, were 66% 80 - larger than those in middle and deep regions of the muscle ( Figure  3 ; Table 1 ). Thus, there was a relationship between fiber size and enzyme activities in the IIb fibers, such that the small fibers had a greater capacity for oxidative metabolism and a lower capacity for glycolytic and high-energy phosphate metabolism.
The preceding experiments on two adjacent hindlimb muscles showed that only Type IIb fiber populations were significantly different in metabolic capacity from the different regions of the triceps surae, and that these differences were related to fiber diameter. However, these experiments also suggested that enzyme activities and diameters of both Type I and IIa fibers might be similar regardless of the muscle or its location. Therefore, Type IIa fibers were examined in sweral muscles from different locations of an individual animal. We chose Type IIa fibers rather than Type I for analyses, because the comparatively higher activities of enzymes in the Type I1 fibers would provide better resolution for potential intermuscular differences.
Enzyme activities of the Type IIa fibers varied markedly among the different muscles within the same animal. There was a continuous spectrum of the average activities among the muscles for each enzyme (Figure 4) . The range of activity for each enzyme studied was considerably less within each muscle than between muscles. MDH, LDH, and AK activities varied 2.3-, 4.7-, and threefold, respectively, among the seven muscles, but on average only 1.3-, 1.6-, and 1.6-fold within each muscle (Table 2) . Type IIa fibers from the diaphragm of an additional animal (the first rat) were also compared with those of the lateral gastrocnemius. Absolute enzyme activities and their ranges were comparable to those found in Type IIa fibers from the same muscles of the second rat (see Table 2 ). The Type IIa fibers from the diaphragm of the first rat had approximately 50% greater MDH, 10% greater AK, but 20% less LDH activity than did the IIa fibers of the lateral gastrocnemius.
Diameters of the IIa fibers showed a gradation of sizes between muscles, and ranged 3.7-fold from the smallest fiber (of 16 pm in the superior rectus) to the largest fiber (of 59 pm in the psoas) (Figure 5 ; Eble 2). Within each muscle, however, the fiber diameters varied on average only 1.5-fold.
Enzyme activities were examined for their possible relationships to fiber diameters. There was a strong inverse correlation between fiber diameter and MDH activity, with a correlation coefficient of -0.94, p = 0.0016 ( Figure 6 ). In addition, larger fibers tended to have greater LDH activity, although the biceps brachii and extraocular muscles were exceptions. A regression analysis between LDH activity and fiber diameter excluding these muscles yielded a correlation coefficient of 0.75, p = 0.14 (for regression analysis with all muscles, t = 0.13, p = 0.785). There was no consistent relationship between AK activity and fiber diameter.
It was also observed that LDH activity strongly paralleled AK activity, as noted in other studies of hindlimb muscles (20, 22) . However, the diaphragm and superficial masseter muscles were exceptions, both with relatively high AK and low LDH activities. The correlation coefficient without these muscles was 0.99,p = 0.0013 (with all muscles, t = 0.58, p90.05). In addition, oxidative and glycolytic enzymes are usually reciprocal in their relative levels and form the basis of metabolic fiber typing (20, 22) . Here we found an inverse relationship between MDH and LDH activities in all muscles studied, with the exception of the extraocular muscle which had high activities of both enzymes (7 = -0.68,p = 0.14 without extraocular muscles). The results of measurements on Type IIa fibers from widely distributed muscles within an animal show that average enzyme activities vary markedly from muscle to muscle. In fact, a comparison of maximum and minimum activities showed no overlap in ranges between some muscles. Furthermore, fiber diameters were similarly variable and showed a strong inverse correlation with MDH activity.
Discussion
This study reveals major differences in energy capacity among groups of individual muscle fibers of the same histochemical type within a single animal. The biochemical examination of the fibers from specified regions of an individual muscle, and from diversely located muscles throughout the body, demonstrated both intramuscular and intermuscular biochemical variations of fiber types. This implies that the myosin ATPase histochemical reaction, which can distinguish three fiber types in almost all mammalian muscles, does Table 2 not necessarily reflect the metabolic capacity of the fibers. This idea is consistent with the incomplete homology found between myosin ATPase and metabolic histochemical fiber typing methods (14J6). The present finding also extends the information obtained from previous single fiber metabolic studies, which showed a spec- trum of metabolic capacities within a given fiber type (17,20,26) .
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Here, again, we find a spectrum of activities for each enzyme within the fiber type, but the observed biochemical variations among sametype fiber groups are not simply an increase in this spectrum. In the present study, the differences are great enough that they do not overlap in certain fiber populations of the same type. These data suggest not only that the distribution and recruitment of fibers contribute to the performance capacity of muscle (6, 7) but that there is an additional specialization within fiber types of a given muscle. There are physiological implications with respect to both the intramuscular and intermuscular fiber-type variations.
Intramuscular Griations
The more superficial regions of many muscles of mammals and other vertebrates contain a higher proportion of Type IIb fibers, and the deeper regions more Type I and IIa fibers (1,3,33 ). This fiber type differential also extends across muscle boundaries, such that superficial muscles of mammalian hindlimb have a greater percentage of IIb fibers (2,4) . The deeper oxidative fibers are presumably activated tonically for postural maintenance, and the more superficial glycolytic fibers are recruited physically for locomotion (3). However, the disposition of oxidative fibers may also be related to their proximity to the deep-situated blood vessels.
Our observations indicate that the functional demands of muscle are met not only by fiber type distribution but by the specific metabolic phenotype of constituent fibers. The deeper Type IIb fibers of the lateral gastrocnemius are more oxidative, less glycolytic, and have lower high-energy phosphate metabolism than the more superficial fibers of the same type. According to the relationship between biochemical and physiological properties obtained in single motor unit studies, there is an association between fatigue resistance and high MDH activity, and between speed of contraction and high LDH and AK activities in cat (15) and snake (23). These studies are further supported by rat studies in which fatigue resistance of fast-twitch motor units in the tibialis anterior muscle are correlated with high succinate dehydrogenase activity (19) . Therefore, the present study suggests that the deeper IIb fibers may actually be more fatigue resistant and may contract more slowly than the superficial fibers.
Intermuscular Kiriations
The metabolic profiles (absolute values of all three enzymes) varied widely in the Type IIa fibers among the seven anatomically distinct rat muscles studied. This is consistent with results from studies of cat motor units which show that the contractile properties of the same fiber type can vary with anatomic location (6,7,13) . The association between muscle biochemistry and physiology in the present study is best illustrated by the extraocular muscles, which are among the most rapidly contracting and fatigue resistant mammalian muscles (9). For example, the twitch contraction times of motor units in an extraocular muscle (inferior rectus) of the rat range from approximately 5-7 msec (11) compared with 8-12 msec for units of the same type in the EDL (10). High activities of oxidative enzymes have been found in homogenates of rabbit extraocular muscles (27) . We found that AK, LDH, and MDH activities were approximately 62, 73, and 35% greater, respectively, in the Type IIa fibers of the superior rectus than in those of the EDL. In fact, enzyme activities were greater in the Type IIa fibers from the rat extraocular muscle than in Type IIa fibers from any other muscle we studied. Clearly, these enzyme activities are in accordance with the physiological demands on these highly specialized muscles, which require the unusual combination of extremely rapid contraction (high AK and LDH activities) and great fatigue resistance (high MDH activity).
Oxidative Metabolism and Fiber Diameters
The inverse correlation between oxidative enzyme activity and fiber diameter was observed within Type IIb fibers of the lateral gastrocnemius muscle and among the Type IIa fibers from seven functionally distinct muscles. Such a relationship has also been observed within the diaphragm muscle of the cat, in which succinate dehydrogenase activity was negatively correlated with Type I and Type I1 fiber diameters (34). Presumably, this relationship is associated with the diffusion of oxygen. Cells that rely on oxidative metabolism may require a smaller diameter to reduce the diffusion distance of oxygen to the mitochondria (32,39).
MyofibriZlar Proteins
The contractile and metabolic variation among fibers of the same type is further supported by recent studies of cellular myofibrillar proteins in single IIa fibers isolated from different muscles. Type IIa fibers from soleus and tibialis anterior muscles showed coexistence of both fast and slow isoforms of regulatory proteins and myosin light chains, whereas the IIa fibers from the extensor digitorum longus and diaphragm muscles contained only fast isoforms (12) . It has also been shown that IIa fibers in extraocular muscles have different myosin isoforms from those in the hindlimb (29, 38) . Therefore, contractile proteins vary in IIa fibers from different muscle. Similarly, it has been demonstrated that fibers identified histochemically as Type IIb in hindlimb and in the diaphragm have different myosin heavy chains (31,37). Elsewhere, we have shown that there are consistent differences in the activities of energygenerating enzymes between the histochemically identical Type IIb fibers in the rat diaphragm and hindlimb (18) . Contractile protein isoforms have been associated with the physiological properties of individual muscle cells (28,36), as have metabolic enzymes (15,23). Together, the high degree of specialization of the three principal fiber types of muscle, each having its own range of metabolic and contractile proteins, provides the motor system with extreme versatility.
